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PREFACE

The work described in this report was authorized under Project No. 10162622A552, Smoke/
Obscurants. This work was started in July 1993 and completed in October 1993.

The use of trade names or manufacturers’ names in this report does not constitute an official
endorsement of any commercial products. This report may not be cited for purposes of advertisement.

This report has been approved for release to the public. Registered users should request
additional copies from the Defense Tecbnical Information Center; unregistered users should direct such
requests to the National Technical Information Service.
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Design of Spherical Aerosol Particles to Maximire Sound Attenuation

Introduction

This study investigates the design of aerosols to maximize their acoustic absorption -
croas section per acrosol mass or volume over the audible frequency range 20-15000 herte.
Air molecules, including water vapor will absorb audible frequencies with little scatter
because of their malecular size. To a small extent it is possible to scatter audible acoustic
radiation with aerosol particles while aerosol absorptior of sound can be significant.

Thewy of Attenuation of Sound by Aerosols

In addition to the inverse distance aquared drop in sound intensity as acoustic radia-
tion propagates away from the source, we observe aitenuation due to absorption by air
molecules as indicated by the figures? 1 .and 2. Attenuatlon as & functlon of relative
humidity, temperature, and frequency of sound is indicated in units of m~! aind dB/m.
These units are related by m~1= - 4.35 dB/m. If an aerosol is present it will scatter and
absotlt sound wilth iie scaiicr coellicient conceniraiion produci agC in upi's of reciprocal

length given by the expression 3

¢
Tx(2x) [-1122] n
C= —
s oA’
. . ' o Cu .
where X is the wavelength of sound, D is the aerosol particle diameter and n = -—;—-— is
o D’

the number concentmtnon of pa.rtnclu where Cy is the mass concentration and Pr. tbe partl-
cle uenmy Because ihe raiio D% A is o emali even for ihe iargesi aerosoi pariicies
(D~2x10"2 cm and the highest frequen of audnble sound A=2 cm ) that at the upper
concentration limit set by coagulation Hl()x/ cm® the acrosol scatter remains negligible com-
pared to absorption which will now be described.

Absorption of sound by an aerosol occurs as the result of two mechanisms - viscous
losses and irreversible heat transfer losses. The viscous loases take place when the aerosol
particles move with respect to the air surrounding the particle and the irreversible heat
transfer losues take place when heat is transferred between an aerosol particle and the sur-
rounding air. As sound propagates through an aerceol cloud the pressure waves propagate
at about 340 m /o st standard temperature and pressure and accelerate particles to oscillate
with the air that moves back and forth first in the direction of propagation and then oppe-
site to that direction with .he pressure gradient. As air pressure is increzsed, heat flows
from the air into the aerosol particles and when air pressure decreases heat flows from the
particles back into the air.




Th:‘abwrption coefficient concentration product representing viscous losses may be
written *

v SxvDn 1
a.C—-—-————US [l+p]p,

where ¥ & .15 cm?/s is the viscosity of air, Us & 340m /s is the speed of sound, D is the
particle diameter, n is the aerosol particle pumber concentration defined earlier,

where w is the angular frequency and

where p, is the serosol particle density and p,;, & .0012 g/cm® is the density of air. If we
express particle diameter in pm, particle density in g/cm® and frequency fin herts then
the absorption coefficient af due to viscous losses in units of m?/g is

- f . a0
L2 I S il
sy | D* ~ 4370D

236 278 [1 4 4310 9550000]

al =

1+

e, T D | Y DR Y T DYy

with contourplots of a} appearing in Figures 3 and 4.
The sabsorption coefficient concentration product due to irreversible heat transfer

losses can be written 34
wney_ 2x8Dn ( ] B s
agC= U, [1 1 [l+p]u,




where x v 0.187 ¢m?/s is the thermal diffusivity of air, 4 & 1.4 is the constant pressure
over constant volume heat capacity ratio for air which is approximately that of a diatomic
molecule and

He 3 )
Zp 2p 9 6?
—tf +3| o+ 1+0+
[3Pm] N [31’..‘: 2 2
where
6= 18_15.)&

The absorption coeflicient in units of m?/g due to irreversible heat transfer losses becomes

176 [_1_. N _L"’_.]

. % |D*  4370D
T \p 283 s [ s picoroo)
Dp'fl/z sz;!l DII/Z Df J

where again particle diameter is expressed in microns, density in g/em3, and frequency in
bertz. Contourplots of a} are presented in Figures & and 6.

Discussion

Total aerosol absorption acoustic croas sections per volume fsquare meters per cubic
centimeter) due to combined viscous and irreversible heat transfer losses are plotted in Fig-
ures 7 and 8 in units of aquare meters per cubic centimeter of aerosol at an asrosol particle
density of 5g/cc. In Figures § sod i0 ihe cross seciions per mass (square metcrs per gram)
are similarly plotted. Optimmum diarmneter regions producing maximum contcur levels for
the sound absorption cross sections per volume or per mass are clearly indicated. For
example, the optimum diameter for a p = § g/cc deusity particle attenuating 7000 Hz
acoustic radiation would be about 1.5 um and the absorption coefficient is about 2 m?/ce.
At lower frequencies the optimum diameters are larger and the absorption croes sections are
smaller. For example, the optimum diameter for attenuating 700 Hz sound is sbout 4.5 um
and the absorption coefficient is about 0.2 m?/ec. Figures 11 and 12 for unit density parti-
cles can be compared to Figures 9 and 10 for 5 g/cc density particles. Although optimum
diameters for the ucit density particles are substantially greater than the optimum diame-
ters for the 5 g/cc particles, the absorption croes seciion per mass has not changed very
wuch. Because we meay roughly estimste the cross section per volume as the particle den-
sity multiplied by the cross section per mass, we can expect that the croes section per
volume of the 5 g/cc particles will be about 5 times greater than that of the unit density
particles. Figures 13 and 14 show the gound absorption cross sections per volume and per
mass as & function of particle diameter and density for 100 Hs sound. Similarly Figures 15
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and 16 sbov: it for 1000 Hz and Figures 17 and 18 for 20020 Hz frequenciea. Optimum
diameters are indicated iu the plots of cross section par volvme with incresses in croes sec-
tion per volume to be expectsd with increasing pariicle density aesuming the necessary
adjustments in diameter are made. On the other hand, there is a ridge of high cross section
per mass in particle density-diameter spuce so thai increasing particle deusity will not
increase cross eection per mass as long as optimum dismeters are chasen. Optirnum diare-
ters can be seen to increase with decreasing density alung the ridge. Again the contour lev-
¢ls for absorption coefficients are seen to be approximately proportionsl to the frequencics.

Comparing the levels of audible sound stienuation by atmospheric gases pius water
vapor as indicated in the first two figures with the levels of sitenuaticn achievable with an
aerosol, we find that serosol absorption of sound can greatly exceed that of the intervening
air,

Cancluslon

Aerosol acoustic absorption cross sections per acrosol volume and mass have beei cos-
tourplotted by taking surfaces defined by constant values of one of the three variables -
particle density, diameter and frequency of sound; while the remaining two variables define
the abscisse and ordinate of the contourplot. Regicns of bigh acoustic cross section per
volume and mass have been shown and optimumn ranges for the independent variables have
been shown in the contourplots. We have found that the higher audible frequencies are
absorbed by an aerosol much more strongly than are the lower audible frequencies roughly
in proportion to the frequency. Gptimum particle size was found to increase with decress-
ing acoustic frequencies and higher particle densities were found to increase aeroscl absorp-
tion per mass but not per volume ai the optimum diameter Finally, acroso! absorption
can be made much greater than atmcspheric absorption of audible sound.
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Figure 3. Aerosol Sound Absorption Coefficient (m*m/g)
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Figure 5. Aerosol Sound Absorption Coefficient (m*m/g)
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Figure 9. Aerosol Absorption Coefficient (m*m/g)
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Figure 11. Aerosol Sound Absorption Coefficient (m*m/g)
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Figure 12. Aerosol Sound Absorption Coefficient (m*m/g)
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